Introduction
According to the IPCC Fouth Assessment Report [IPCC, 2007] , the rising greenhouse gas (GHG) concentration in the atmosphere is one of the major causes of global warming [Qin et al., 2007] . Sewage treatment plants are one of the significant sources of GHG emissions [Sahely et al., 2006] . Sewage treatment includes both industrial and domestic sewage treatment. During the sewage treatment, the anaerobic process produces CH 4 while nitrogen removal produces N 2 O. Both CH 4 and N 2 O are chemically stable and can stay in the atmosphere for a long period. The Global Warming Potential (GWP) for the 100-year scale of CH 4 and N 2 O are 21 and 310, respectively [IPCC, 1996] , thus their emissions can have a lasting impact on climate [IPCC, 2007] . CO 2 emissions from sewage are not considered in the IPCC [2006] , because these are from biogenic origin and should not be included in national total emissions calculations.
Urban sewage disposal in China is great in volume, highly concentrated and widely distributed [Xie and Wang, 2012] . In recent years, as China becomes more conscious about environment protection and energy conservation, the number of urban sewage treatment plants as well as sewage treatment capacity is increasing. In 2008, there were 1,692 urban sewage treatment plants in China, 434 [MEPC, 2010] . The growing number of sewage treatment plants inevitably leads to high GHG emissions, posing a significant challenge to managing GHG emissions in the sewage treatment sector. So far, there is little research on GHG emissions by sewage treatment plants in China, with the exception of the NCCC and NDRC [2007] .
In this paper, the authors estimate GHG emissions from sewage treatment plants (CH 4 and N 2 O from domestic sewage, and CH 4 from industrial sewage) based on the methodology outlined in the IPCC [2000; 2006] , which are catered to actual conditions in China [Gao et al., 2006] . In addition, the authors discuss the change in CO 2 emissions per capita of sewage treatment plants. We believe it will help us to understand the current state of GHG emissions from sewage treatment plants and provide insight on reducing GHG emissions.
Data and methods

Data
The amounts of organic matter removed from sewage and the national population are taken from the China Statistical Yearbook on Environment [MEPC, 2000 [MEPC, -2009 and China Statistical Yearbook [NBSC, 1995 [NBSC, -2010 , respectively. The protein consumption per capita is quoted from the UN FAO [2010] . The parameters used in estimating GHG emissions primarily refer to the IPCC [2006] and related literatures [Yang et al., 2005; Tang et al., 2001; Cao, 2009; Song et al., 2012] .
Method to estimate CH 4 emissions from domestic sewage
It is good practice to use default values of emissions factors and activity parameters to calculate the amount of emissions for countries with limited data [IPCC, 2006] . Due to the lack of research on factors and parameters of GHG emissions from the sewage treatment sector in China, the authors generally used default values suggested by the IPCC. The amount of CH 4 emissions is a function of the amount of sewage and the CH 4 emissions factor. Any recycled CH 4 should be excluded from the total emissions amount. The simplified formula for calculating CH 4 emissions from sewage treatment is shown as below:
where E CH4 is the annual CH 4 emissions (in Gg), TOW denotes the total amount of organic matter contained in domestic sewage in a given year (in kg). Since domestic sewage is rarely treated in rural China, we only consider domestic sewage treatment in the urban area. The amount of organic matter in domestic sewage is the product of the amount of chemical oxygen demand (COD) removed from urban sewage ( Fig.  1 ) multiplying by a national average BOD/COD of 0.45 [Song et al., 2012] . EF is the emissions factor, which in this paper has a China-specific value of 0.14 [Song et al., 2012] . R is the amount of CH 4 (in kg) recycled in a given year. Since China has not initiated CH 4 recycling on a large scale, the default value is 0.
Method to estimate CH 4 emissions from industrial sewage
Large amounts of CH 4 are emitted by the industrial sector when industrial sewage, containing high concentration of organic matter, is processed under anaerobic conditions. For calculating CH 4 emissions originating from industrial sewage, we need to first identify sectors that are capable of producing a large , the major sources of industrial sewage that have high potential to emit CH 4 are pulp and paper manufacturing, meat processing or butchering, liquor production, organic chemicals production, and food and beverage processing. In contrary, such industrial sectors in China are paper manufacturing, agricultural product processing, raw chemical material and chemical products manufacturing, and food and drinks production. According to the IPCC [2000], the simplified formula for estimating CH 4 emissions from industrial sewage treatment is shown as follows:
where TOW i denotes the total quantity of organic matter originating from the industrial sector i in a given year. EF i refers to the emissions factor in sector i. R i is the amount of CH 4 recycled in a certain year (in kg). Since China has not initiated CH 4 recycling on a large scale, the default value is 0. The formula for calculating the CH 4 emissions factor of industrial sewage is:
where B 0 is the maximum capacity of CH 4 production, for which the default value is 0.25; MCF denotes the CH 4 correction factor, which is the proportion of sewage being processed by anaerobic treatment. The default values of MCF in industrial sewage are presented in Table 1 . The amounts of COD removed from industrial sewage for various industries are shown in Table 2 . The COD is the total amount of chemical oxygen demand removed by regional sewage treatment plants or similar collective processing facilities in industrial parks [MEPC and NBSC, 2008] . Since the current industry classification, GB/T4754-2002 implemented after 2002, is different to the old standard, the analysis starts from 2003. FAO [2010] 3 Results and discussion 3.1 CH 4 emissions from domestic and industrial sewage CH 4 emissions from domestic sewage has been rapidly increasing during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] (Fig. 2) . The CH 4 emissions increased from 150 Gg in 2000 to 1,063 Gg in 2009, representing an annual growth rate of more than 24%. Such rapid growth rate can be mainly attributed to the large increase in the number and treatment capacity of urban sewage treatment plants from 2000 to 2009. In 2000, there were 315 plants, while there were 2,192 plants in 2009. During this period, the treatment capacity of urban sewage increased from 320,000 t to 7,696,000 t.
CH 4 emissions from industrial sewage increased from 762 Gg in 2003 to 963 Gg in 2009, equivalent to an annual increase rate of 4%, which is much less than the increasing rate from domestic sewage (Fig. 2) . CH 4 emissions from various industry sewage are presented in Figure 3 . It is clear that emissions from paper and pulp industry is much greater than those from the other four industries, representing more than half of the total emissions from all five industries. Thus, paper and pulp production is the primary source of CH 4 , followed by raw chemical and chemical product manufacturers. In contrast, the food processers are 
CO 2 emissions from sewage treatment plants
In order to ensure continuity and comparability with global GHG emissions data, and in accordance with the requirements of the UNFCCC, we refer to the IPCC Second Assessment Report for the GWP of CH 4 and N 2 O, which are 21 and 310, respectively [IPCC, 1996] . This allows us to convert the amounts of CH 4 and N 2 O emissions from sewage treatment to CO 2 equivalent (CO 2 -eq) emissions (Fig. 4) . We found that GHG emissions from sewage treatment plants have been steadily increasing, from 53 Tg CO 2 -eq in 2003 to 75 Tg CO 2 -eq in 2009, which represents an annual growth rate of 6%. N 2 O from domestic sewage has the greatest CO 2 -eq, thus it is the main emissions source. Due to the rapid growth, CH 4 emissions from domestic sewage have overtaken CH 4 emissions from industrial sewage as the second largest emissions source.
CO 2 emissions per capita from sewage treatment plants
Based on population data [NBSC, 1995 [NBSC, -2010 , we can calculate the CO 2 emissions per capita from sewage treatment plants (Fig. 5) . It is found that CO 2 emissions per capita from sewage treatment plants have been increasing at an annual rate of 5.4%. This increase can be attributed to the vast rising sewage treatment rate and high living standards. (2) Among the five major industries, CH 4 emissions from paper and pulp industry accounted for more than half of the total CH 4 emissions from sewage treatment, which is the primary source of emissions, followed by raw chemicals and chemical product manufacturing industry. Food processing industry is the least source. CH 4 emissions from beverage manufacturing sector are increasing with the greatest rate. Insufficient statistical data is available in China, particular the data used in estimating GHG emissions. Further, there are no China-specific emissions factors. As a result, it is hard to estimate the actual amount of GHG emissions. We recommend that China should strengthen the research in emissions factors specific to the sewage treatment sector.
